TITLE OF INVENTION 
Vehicle Speed Estimation Using Inductive Vehicle Detection Systems 



CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 
60/411,320 ffled September 17, 2002. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
Not Applicable, 

COMPUTER PROGRAM LISTING APPENDIX 

[0001] The computer program listing appendix contained on compact disc 
submitted herewith, in duplicate, containing the files identified below is incorporated 
by reference. A portion of the disclosure of this patent document contains material 
which is subject to copyright protection. The copyright owner has no objection to the 
facsimile reproduction by any one of the patent disclosure, as it appears in the Patent 
and Trademark OfEce patent files or records, but otherwise reserves aU copyright 
rights whatsoever. 



Name 


Location 


LIST OF FILES 

Size (Bvtes) 


Creation Date 


DiagLogger.cpp 




2,267 


Tue Sep 16 17:04:40 2003 


DiagLo^er.h 




503 


Tue Sep 16 17:04:40 2003 


ISTSync.h 




4,556 


Tue Sep 16 17:04:40 2003 


ISTThread.cpp 




1,240 


Tue Sep 16 17:04:40 2003 


ISTThread.h 




519 


Tue Sep 16 17:04:40 2003 


DAQFile.cpp 




3,249 


Tue Sep 16 17:04:40 2003 


DAQFUch 




2,817 


Tue Sep 16 17:04:40 2003 


DiagDAQ.cpp 




13,313 


Tue Sep 16 17:04:40 2003 


DiagDetect.cpp 




3,579 


Tue Sep 16 17:04:40 2003 


DiagDetect.h 




561 


Tue Sep 16 17:04:40 2003 



28420.00 - Inductive Signature Technologies, Inc. 



1 



Express Mail Number: EL 988032019 US 



BACKGROUND OF THE INVENTION 



1, Field of Invention 

,00021 This invention retates to uses for inductive vehicle detection systems. 
More specifically, this invention describes a metirod tor using a single-loop inductive 
sensor to estimate vehicular speed and togth, and to communicate tire speed and 
length information to a traffic controller. 



2. Description of the Related Art 
,00031 Numerous inductive vehicle detection systems have been instaUed in 
roadways around tins nation. A conventional inductive vehicle detection system is a 
combination of wire-loop sensors, detector cards, and ccntroUer cards, which 
cooperate to obtain data on vehicles passing tim>ugh the field of detection. Many of 
these inductive vehicle detection system instaUations use only a single w^e-loop m 
any ^ven trafflc lane. In these conventional inductive vehicle detection systems, the 
amount of information available depends upon the confiporation of the inductive 
vehicle detection system. Typically, obtaining a reliable /j"^^ 
speed requires two sequential wire-loops s^ted by a known fixed drstance. Usmg 
arrival time and the distance between tire wire-loop sensors, the vehicle speed « 
calculated. More recenUy, analysis methods have provided a way to estimate 
vehicular speed using data from a single wire-loop. However, in P"-"^™; 
*e sin^e wire-loop vehicle speed analysis metirods require a complete ret^fitting f 
a.e detector cards and ti>e controller card. The controller card is typically tire most 
expensive component of ti>e inductive vehicle detection system, "nrere rs a need » tod 
a ly to employ the single wire-loop vehicle speed analysis meti.ods that makes b^tt r 
use It existing componenu of existing inductive vehicle detection systems, particularly 
the controller card. 
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BRIEF SUMMARY OF THE INVENTION 
,0004, An inductive loop detector card is connected to a ain^e wire-loop sensor 
„ a JaiHc lane. The detector card produces a first bivalent output based on the 
::r»easure»entoraveMcle at thewire-loop sensor and s^the^^^^^ 
bivalent output to n.in>ic the output o, a two wire-loop speed .rap. A^ pro^ sor 
onboard the detector card estimates the speed using an algoxtthnx sundar to *at 

by Oh. et al. «.ough the virtual wire-loop sensor does not phys.cal^, e«st. 
Xssihi:toinferabivalentou.putpulseforthisvir».alwire-,oop-..^^ 
ohvloally exist, from the inferred speed and known lane occupanc, of a detected 
L:lr«. single wire-loop sensor. Con^-only used field controllers can read.y 

Z^tet the speed and lane occupancy infonnation encoded in the two btvalen 
rZrpulses of the present invention. By simulatingasecondbivalentou^utatthe 

Zlor card level, a conventional field controUer is capable of est^tu^ the 
vehicular speed from a single wire-loop sensor. 



BRIEF DESCRlPnON OFTHE SEVERAL VIEWS OFTHE DRAWINGS 

,00051 The above-mentioned features otthe invention wiU become more clearly 
'rlod.om the foUowingdetaBeddescripUonof the invention read together wrth 

an .ductive sensor instalUtlonaccordingtothepri.^^^^ 
Zr. 2 illustrates a service vehicle employing a mobfle inductive loop detector 
svstem according to the present invention; 

Figure 3 i! a schematic bloc, diagram of a passive mobtte inductive loop 
detector system ofthe present invention; ,„f.he signal 

Figure 4 is a schematic block diagram of one embodm>ent of the signal 
^nditiolg electronics for use in the mobUe inductive loop detector system otthe 

"'^k'^rtraschematic block diagram Of one embodiment of the process 

Sanctions of the mobile inductive loop de«ctor system of tire preset invention; 
Figure6aand6bareschematicsofoneembodimentofabwalents.gnal 

detecti>r ^r use in the mobUe inductive loop detector system of the present mvention, 

3 Express Mail Number. EL 988032019 us 

28420.00 - Inductive Signature Technologies, Inc. 



Bgu« 7 is a block diagrazn of an active mobUe inductive loop detector ^tem. 
Figure 8 is an iUustiation representing an array of pickup loops adapted to 
locate the relative position o, an inductive sensor installation ^.iti^in a traffic lane-. 
Figure 9 is a block diagram of an enhanced inductive target; 

10 shows an inductive signature obtained with one embodm^ent of the 
enhanced inductive target of the present invention; 

Figure U iUustrates a vehicle equipped »iti> enhanced inductive targets carried 

bv each wheel; ^ ^ 

Figure X2isarepresentativeinductivesignaturefromawheel-mounted 

enhanced inductive target; . 

Figure 13 is a Oow chart showing how an enhanced inductive target .s used to 

identify a special category vehicle; 

Figure 14 schematicany charts the .neti^od of single wire-loop speed estin«tion. 
Fi^re 15 charts the on-board processes for single wire-loop speed estimation 

and communication; oir^cTi** 
Figure 16 illustrates the real and synthesized bivalent outputs for the sm^e 

wire-loop speed estimation and communication system; , 

ZJre 17 mustrates the relative placement of the real loop and virtual loop for 
the single wire-loop speed estimation and communication system; 

Figure 18 illustrates a conventional automated toll collection center 
incoroorating automated enforcement; 

Figure 19 iUustrates an enhanced toU collection center incorporating vehtcle 
characteristic monitoring in conjunction witit ti.e automated enforcement sys«m; 
mgure 20 generally illustrates a flowchart of one embodiment of ti-e ctation 

verification method of the present invention 

Figu.. 21 ilh^strates an alternative embodiment of an automated enforcment 
system used in conjunction with an automated toU coUection system; 

Figure 22 illustrates a flow diagram of a look-ahead simulator system data fiow, 
Figure 23 illustrates a flow diagram of the look-ahead simulator system; 
Figure 24 iUustrates a block diagram of ti-e functions of U>e look-ahead 

"TgrrmustiatesvehiculareventsinadriverbehaviormodeUngscenario; 
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ae mu,.a.s abloc. di^3» of .e*od of— gdriver behavior at a 

"^T— ..te«aa.«owinas.«»ro.»oae.n.a..« 
P^as— sa<.o«diasra.ofao.eU>odfo.perfo™i„.an«haus.^ 

.e,uenT— ae«cto,as3.«-b.a.obueinduc«ve.oopcua^osuc 

3 1 illustrates the ti:ne.don^ response of a time-muiaplexed <^e, 
r.!ctor as seen by a mobae inductive loop diagnostic detector system. 
""7^3 — Lfie^don-ainresponseofatime— ^ 
ofati."— xedflxedfre^uencydetec^rass^bya^obile^ducuveloop 

^Crr— *etin>e.on>ainresponseofat«o.cb^e.B.ed„ 
detector : seen by a mobUe .ductive loop diasnos^t^c^r s^^^ 

Figure 34 iUustrates the frequency-domam response of a two 
.eJ;detectorasseen.ya.o.Ue.^^^^^^ 

DETAILED DESCRIPTION OF THE INVENTION 
A. MobUe Inductive Loop Sensor 

inn 102 104 of the prior art are typically 
100061 Inductive vehicle detectors 100, 102, 104 ol tn p 
' A ,,.>,trlP traffic 106 is detected as it moves past the fixea 

''•-^'"^"=~\t:"a.Pi.urel. ^einductance 

location. 

roOOTl Figure 2 illustrates one embodiment of the present invention, a mobile 
^ , Ttector system 200 that includes a detector 202. which IS transported 

„ ^^^^^ ^^^^^ ,,,,,, ,04 encounters an installed traffic 
by a service vehicle 204. Whe ^^^^^^ ^^^^ 

detector including a fixed-pomt sensor 206, the detector z 
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an win reccgm^ a>e and number of characterise recorded can and ^ ^ 
r^d^s uTon *e obieCves of .he surveUlance and the .^e -^-^J^^^^ 
loop detector encountered. The diagnostic informaUon obtamed from the detector 20 
r:or:furtheruae^.henmeasuredincombina.ion.thapos.^— S 

s^tem 210 carried by the service vehicle 204. for example, an merual ref«.nce 
^tem or ^obal positioning system. By using a position detemmung sys em 210. the 
Tedseloltion of fixed-point sensor 206 in thefleldisrecorded along 

Lasured characteristics of the fi^d-point sensor 206, Another useful addrUon to the 
measurea . oia carried bv the service 

mobile inductive loop detector system 200 rs a camera 212 earned by 
vehicle 204. The camera 212 allows road conditions and lane marlongs to be 

monitored and recorded. 

,00081 some of the characteristics that are desirable to measure from fte 
'Zlehicle 204 include the „ ^ponse of the fixed-pomt s^s.^^^^^^^ 

presence of the service vehicle 204 with a Unown inductive ^^J^ ' 

L the fixed-point sensor 206. the variabiU^ of the frequen., response of the fixed 
;rsensor 206 due to environmental conditions (e.g., external capacrtance and/or 
grounding due to ratal, the interference between closely spaced flxed-pomt 
™ L (e.g.. crosstallc). the fixed-point sensor 206 footprint wrth respe^ to the 
^Tc Le mLLgs. and the wire-loop sensor geometry le.g.. multiple ^p-heads 
wired together ta series or paraUell. Various techniques for measunng these 
:^ltics are known to those sltiUed ta the art and need no ^rther descrrpUon 
here. 

„0091 For example, if the flxed-potat sensor 206 is a frequency counting type 
deZrthentypicalofthecharacteristicsmeasuredbythedetect.^^^^^^^^^^^ 

frequency of the fixed-potat sensor 206 and ti>e firequency vanation of the fixed p^t 
frequency ^^^^^^ ^04. By measunng a 

sensor 206 m response to the presence 01 tne ,06 that 

sequence of frequency response characteristics of tire fixed-pomt sensor 206 *at 

the Lee vehicle 204 moves ta relation to ti>e fixed-point sensor 206. an 
taductive sigaature of the service vehicle 204 is recorded. 
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lOOlOl I. is kno«n in *e prior art .0 use the fixed-poir.t sensor ^'-^^ ^ 
Lt i^ducdve si^«.re; however, the use of a .nohile inductive loop dete^r 200 to 
n^easure a second inductive signature that is substantiaUy simUar to Ae first 
inductive si^ture nreasurable by the tod-point sensor 206 offers advantages ov« 
1 prior aTon. advantage is that the service truck 204. having a lo^own tnduct^e 
signature profile, driven over any fixed-point sensor 206 records the fre,uen^ 
response of the fix«l-point sensor 206 in the presence of tire servrce vehrcle 204. Tins 
allocs nrany diagnostic parameters for tire fixed-point sen^r 206 to measu-d 
^.hou. tire necessity of having direct physical ac^ss to the r^ote vehrde detectron 
circuitry 208 of tile fixed-point sensor 206. 

room FigureSinustratesablockdiagramofapassiveembodimentoftire 
Lcl 202. or passive n-obile inductive loop detector system 300. ^^^^-^^^ 
includes a piclorp loop 302. The pickup loop 302 is aw^loop sensor 
point sensor 206 tirat is typically mounted parallel to tire roadway. The prdoap 
loop 302 measures variations from an active signal emission of the flxed-pomt 

sensor 206. The output of tiie pickup loop 302 passes throu^ signal condrtronmg 
ele«ronics 304. An analog-to-digital converter (ADC, 306. typically otthe fast 
samphng variety, converts tire conditioned signal into a stream of drg.t^ samples- ^e 
digil sLples are processed by a processing circuit 30S. The processmg orcurt 30» 
also receives data ..om tire positioning system 210. The data from tire prckup 
loop 302 and tire positioning system 210 are recorded in a storage dev.ce 310^e 
data can be stored in tire raw form, tire processed form, or any intermedrate fonn. 
Where frequency is tire only characteristic of interest, a .ero-crossing dete^r (not 
shown) can be substituted for tire fast-sampling ADC 306. 

,00121 Figure 4 illustrates one embodiment of the signal conditioning electronics 
Shown in Figure 3 in ^eater detaU. The signal conditioning electrorrics mdud^ a 
diffe^ntial LCR or Caducous circuit 400, an instrumentation ampUfier 402 and a 
filter circuit 404 removes unwanted frequencies from the amplified sr^i In tire 
illustrated embodiment, tire filter circuit 404 is a low-pass filter. The ddterential 
conditioning drcuit 400. 402 attenuates common mod. noise whUe amphftrng tire 
differential signal from tire pickup coU 302. The low-pass filter 404 filters tire 
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amplified signal prior to sampling by the ADC 306. 

,00131 Figure 5 iUustrates one embodimen. of toe toctions of toe procesring 
Lee 30S sho»n in Figure 3 in greater detaU. In toe ^^J^^^ 
processing circuit 308 performs toe Actions of a bivalent stgnal de. Cor 500^' 
Laicates toe presence or absence of a relatively strong external .gna^^an opuonal 
onboard s^al analyzer S02. and an onboard data log^g system 504 One 
embodiment of toe bivalent signal detector 500 is schemattcaUy mustrated m Figure 
6 The bivalent si^al dete^or 500 indicates toe pres«.ce of a signal above a pre-set 
noise toreshold. The bivalent signal detec^r 600 sums over a ^'^^-"^^^^ 
absolute value of a fixed number of distal samples produced by toe ADC 306 
produce a representation of toe total energy of toe piC-up signal ^-o^ 
representation is compared to a toreshold value, .hich is an emp^cally det.muned 
Je. chosen to include most wanted signals ar.d to «cclude — ^^'^^^ 
from furtoer analysis and/or storage. When toe «,tal energy «tceeds toe — M 
value, fUrtoer processing of toe distal samples is indicated. Conversely »*ento^ 
total ner^ does not exceed toe toreshold value, no fi^rtoer processmg of toe d«tal 
ZZ "indicated, ^rtoer processing of toe distal samples indud. toe stor^et. 
toe L distal samples for later analysis, or ar, immediate anal^s of *e — 
storage of toe raw samples and/or results. Using toe onboard s^al -^^^^ 
,me metood for analyzing the samples uses an FFT (Fast Founer Worm,^ T^^ta 

system 504 c^perates wito toe storage device 310 to save toe data tor later 
Z^s or r^ew. One simple implementation of toe processing circuit 3«3 and 
storlge device 310 can be achieved using a computer. However, toose slolled „ toe 
art will recognize toe various otoer structures toat can be used to unplement toe 
:lctions ofl processing circuit 308 and toe storage device 310 witoout departmg 
from toe scope and spirit of toe present invention. 

,00141 Review of toe fixed-point loop sensor characteristics is made more useftal 
when contemporaneous time ar-d position information firom toe positionmg 

;s.em .10 is correlated wito toe electronic si^ information. The ad^uon of ^e 
Id posiUon information aUows for a detaUed mapping of toe location of each Oxed- 
point sensor surveyed. The locations where operating fixed-point sensors are not 
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detected U also noted. Where problems are detected such as r.on-functiomng 
detectors, improper frequency settings, and poor sigaal-to-noise ratios, remedia^ 
action may be planned based on the mobile inductive loop detector survey results. 

,00151 Periodic, or continual, mobile inductive loop detector system 200 surveys 
are conducted to maintain the reliability of any operational vehicle detector system. 
By tirelessly measuring these parameters from a service vehicle 204 rather than by 
manually accessing the detector drcuitty 208 direcUy, it is possible to safely and 
efficienay ground-truth a vehicle detectors performance v^thout the "— of 
involving local maintenance personnel. The service vehicle 204 assoc^ted w,th the 
mobU. inductive loop detector system 200 is dedicated to the task of diagnosmg loop 
detectors in the field. Alternatively, the mobile inductive loop detector ^ys«m 2<"> - 
implemented in a portable package that is carried by any one of a number of fleet-type 
vehicles in which case the time, location, and measured parameters from inductive 
loops encountered in the field are logged for later retrieval and analysis, without the 
need tor defeated service vehicles 204. The concepts of the present invention may be 
appUed to other types of field-deployed vehicle detection systems which emit active 
signals including radar-based, ultiasonic-based, laser-based, and infrared-strobe 
utilizing camera-based vehicle detector systems without departing from the spmt and 
scope of the present invention. 

[00161 Using the mobUe loop detector 200, the foUowing are some, but not 
necessarily aU, of ti,e measurable parameters of a fixed-point sensor 206: (a) *e 
presence of a fixed-point LCR circuit using eidier active or passive scanmng, (b) U>e 
geographic location of loop-head (e.g., absolute latitude, lon^tude, and altrWde); (c) 
le dimensions and orientation of loop-head with respect to matked lane botmdarres; 
(d) the LCR circuit parameters, e.g., inductance, capacitance, resistance, alpha 
parameter, omega parameter, Q-Factor, and loop head/lead-wire ratio; (e) the base 
operating frequency, (f) the frequency variance; (g) the frequency response of tile 
inductive loop detector to a known probe vehicle l»>d/or wide-band active exctation); 
(h) the signal-to-noise ratio of an inductive loop detector, (i) Uie signal-to-noise 
de^adation due to rain; 0) the crosstalk from other nearby loop.; and (k, the accuracy 
limit for speed, volume, occupancy, and/or inductive length measurements. 
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Exemplary methods for determining these parameters are described hereafter. 

[00171 After identifying an interesting signal, the appearance of a strong 
frequency component in the FFT provides a location to look for the located detector's 
driving signal, the shape ofthe signal will identify the type of the detector. Some 

typical detector classifications are the single-chamiel frequency counting detector, the 
muld-channel time-multiplexed frequency counting detector, and the fixed-frequency 
detector. A frequency counting detector contains an oscillator which osciUates at the 
resonant frequency of an LCR circuit where the main inductance is from the sensor 
loop When a vehicle passes over the sensor loop and changes its inductance, the 
detector's oscillator tracks the resulting change in the resonant frequency. A smgle- 
cham,el frequency counting detector, whose time domain response is iUustrated m 
Figure 29, has a frequency spectrum, as shown in Figure 30. that sweeps over some 
frequency range, starting from a base frequency when no vehicle is present and 
varying up to some maximum frequency depending on the inductive signature of the 
vehicle crossing over the loop at the time. Figure 29 slows a time domain plot of a 
single-channel frequency counting detector as a service vehicle drives over the 
detector Figure 30 shows the FFT of tile time plot in Figure 29 depicting Uie 
detector's base operating frequency and frequency variance as the service vehtde 
passes over the roadway detector. The time-multiplexed detector, whose time domam 
response is iUustrated in Figure 31. is an attempt to combat crosstalk betiveen 
multiple detection channels on one detector board. The detector periodicaUy gates 
each oscillator such drat onfy one loop is energi^d at any one time. The resulting 
frequency occupancy is larger a.an tt>e non-multiplexed case because the gated time 
domain signal results in a series of spikes in the frequency domain, as shown m 
Figure 32. whose distance is a function of the gating frequency. Figure 33 shows a 
time plot of a time-multiplexed frequency counting detector as a service vehicle drrves 
over the detector. Notice that tiie signal is inhibited periodically. Figure 34 is a,e FFT 
of the time plot in Figure 33 depicting the series of spikes produced by tiie time- 
■ multiplexing method. A fixed-frequency detector witi> a time domain response, as 
shown in Figure 33, actively drives sensor loops at one frequency. The result rs that 
tiiey have one locali«d frequency spike, as illustrated in Figure 34. making them easy 
to separate and identify. Figure31 shows a time domain plot of tivo fixed-frequency 
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loop detectors arranged as a speed trap as a sensor vehicle drives over the speed trap. 
Figure 32 shows the FFT of the time plot in Figure 31 depicting the narrow 
bandwidths of each loop. Since each loop in the speed trap is driven at different 
frequencies to avoid crosstalk, each loop shows up as a separate spike in the 
Frequency domain. 

[0018] The geographical location of roadway detector loops 206 are found with 
conventional position determining equipment 210. Two types of position determmmg 
equipment 210 are the Global Positioning System (GPS) and an inertial navrgation 
system (INS). It is important to caUbrate the location of the positioning determmmg 
equipment 210 with respect to the locadon of the pickup an,enna(s) 302 installed m 
the service vehicle 204. It is also important that the position determining equipment 
210 is rigid with respect to the pickup antenna(s) 302. 

,00191 The dimension of the roadway det«*.r loop 206 in the direction of travel 
is related to the shape of the measured time-domain signal ampUtude as weU as the 
dimensions, geometry, and heigh, of the pickup antenna 302. To actually convert *e 
measured time domain signals (Figures 29. 31. and 33) to length dimensions requrres 
the contemporaneous data from the position determining equipment and a tmie 
reference. 

,00201 Identifying crosstalldng roadway loop detectors 100. 103, 104 invoh^es 
looking a. the frequency spectrums (Figures 30, 32, and 34) of individual detec^ 
and seeing if they overlap with, or are too close to any neighboring detectors. This 
step is typically performed off-line after all of the data is acquired and all of *e loops 
of interest and their positions are identified. When all of the loops are ident^ed, loops 
positions are clustered to identify nearby loops and their individual spectrums 
compared to identify crosstalk. Alternatively, a search for weaker overlapping signals 
in a single detector's spectrum is performed to identify nearby detectors in real-ome. 
crosstalk measurements are also useful in determining the performance of a roadway 
loop detector 206. How a roadway loop detector 206 handles crosstalk depends on its 
manu&cture. As a result, a detector can alw^s perform worse than predicted. 
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10021] Detecting roadway loops that are wired in paraUel or series is similar to 
detecting crosstalk. It involves analyzing the recorded data off-Une by clustering the 
roadway loop detector positions and comparing their signals to see if nearby loops are 
emitting similar signals. 

[00221 Measuring the signal-to-noise ratio (SNR) of a detector is also similar to 
measuring crosstalk except that measuring SNR involves looking at how unclassified 
signals are interfering with a loop detector. Two examples of interfering signals are 
radio transmitters and power lines. Even though power line frequencies are largely 
separated from the very low frequency (VLF) roadway loop detector frequencies and are 
usually common-mode on the lead lines, roadway loop detectors 206 are known to 
have difficulty dealing with power line interference. Again, like in the crosstalk 
situation it is not always possible to know how an unknown detector will handle a 
particular noisy situation. Nonetheless, it is possible to determine the difficulty level 
of the detector in the situation and formulate a mitigating strategy. 

[0023] Obtaining a vehicle signature from a mobUe passive diagnostic data 
acquisition involves measuring the frequency or phase variation of the detector's 
driving signal as the service vehicle 204 drives over an operating roadway loop. 
Getting the frequency or phase variation involves demodulating the measured signal 
using well known frequency modulation (FM) communication techniques. Because 
frequency and phase variation is independent to the signal strength, the vehicle 
signature is separable from the signal stiengtii change caused by the pickup antenna 
302 approaching and leaving the vicinity of the roadway loop detector 206. 

[0024] Weather equipment is mounted on tiie service vehicle 204 so that the 
contributions of the weatiier on tiie roadway loop detectors 206 can be determined. 
Alternatively, the current weatiier report is recorded along witii tiie data. 

[0025] The passive mobile inductive loop detector system 300 requires an active 
signal emission from a fixed-point wire-loop detector. However, in an alternate 
embodiment illustrated in Figure 7, an active mobile inductive loop detector 
system 700 is able to detect the presence and electiical characteristics of a fixed-pomt 
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«n,or 206 *a, is present but not powered up. T,.e active mobUe mduCve oop 
detector system 700 adds a driving electronics circuit 702 to the ba,.c ^ 
passive mobUe inductive loop detector system 300. The driving electromcs orcurt 702 
enuts a driving signal from the mobUe service vehicle 204. V.e driving signal .s a 
periodic or pulsed si^al that energizes an inactive fixed-pomt inducuve senor 206, 
Following excitation, the inactive fixed-point inductive senor 206 is detected and 
characterized using substantially the same mettiods as for the passive mobde 
inductive loop detector system 300. The active mobile inductive loop detector 
system 700 of the present invention is useful for detecting tile existence and 
characterizing the performance of inactive fixed-point inductive loop sensors from a 
mobile service vehicle 204. 

[00261 Rgure 8 illustrates a pickup loop array 800 adapted to vnrelessly 
measure ti>e loop geometiy of a fixed-point sensor 206. Common ted-pomt 
sensors 206 of ti.e prior-art are typically positioned in the center of a tiaific lane 804 
when ti,ey are first installed. However, over time it is common for roadways to be re- 
paved and for lane marldngs 806 to be re-painted. This sometimes results m the 
center of the tiaflic lane 804 shifting relative to the embedded fixed-pomt sensor 206, 
,t is often difficult or impossible to fmd tire position of the fixed-point sensor 206 from 
visual cues. Additionally, it is diflicult to measure the lateral dimension of a roadw^ 
loop detector 206 from a sin^c pickup antenna. In the illust^ted embodm^ent of the 
present invention, a plurali^ of wire-loop pickup coUs 802.-. are orgam^d m a Unear 
array 800, The length of the array U is selected to encompass an area of mterest. 
typically the widti, of a single tiaffic lane W. The array is adapted to be carrxed by a 
service vehicle. 

(00271 When tire array 800 detects the presence of a fu.ed-point sensor 206. tire 
geographic position of the pickup coil array 800 is recorded. Because the ser,.ce 
vehicle is in motion relative to a>e fixed-point sensor 206 and because the each 
element 802..« of the linear array 800 of pickup coils senses a different zone of 
detection ti>a. is laterally offset across the widti. W. of ti.e traffic lane 804 wrth respect 
to the otirer elements 802a^ otti-e linear pickup coU array 800, secpential samples 
from each detector array element 802a.. combine to produce a dot-matnx map of a.e 
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faed-point .ensor's loop geometry, which i. also mapped wi* respect to the phy^cal 
geometry of the traffic lane 804. In one embodiment ot the present invenhon, a do.> 
matrix representation ot the fxed-point sensor 206 is superimposed over a map the 
physical roadway 804 including lane boundary markings 806. Those skdled m the art 
will reco^ the various alternate methods of representing or mapping the geometrres 
0, the measured fl«d-point sensor 206 and roadway 804 that fall within the spmt 
and scope of the present invention. 

,00281 Alternatively, the rigidly-mounted camera 212 on the service vehicle 204, 
is pointed at the roadway, and calibrated with respect to the posidon determmmg 
erpipment 210 and the pickup antenna 302. The camera images can then be 
recorded and analyzed in order to determine where the lane markings 806 as weU as 
the loop saw cuts are with respect to the s^vice vehicle 204. TTie same mrages could 
be analyzed to also detect potholes and eroded or missing lane markmgs. 

,00291 Another appUcation for the mobile loop detector system 200 is fixed- 
point detector calibration. When the mobile service vehicle 204 --^^ P— 
to a wire-loop sensor 206 associated with a traffic detector, the controUer of the ^affic 
detector and the mobile service vehicle 204 communicate digital information wrth each 
other, one way for the detector 208 to communicate with the service vehrde 204 
invoWes modulating the drivmg signal on the loop 206 which is then returned by the 
pickup coU 302 in the service vehicle 204. The service vehicle 204 can srmflariy 
transmit data to the roadway detector 208 by moduUting a driving signal on the 
pickup coil 302 using the driving electronics 702. Typically, the controller 
communicates identification intormaHon (e.g., serial number) to the mobUe servrce 
vehicle 204 and the mobUe service vehicle sends inductive signature cahbratror. 
coefficients, based on its own inductive signature, to the controUer, The controUer 
responds by adjusting a digital sipral processor or other processing devrce to adjust 
the output based upon the characteristics of the particular sensor configurauon. 

,00301 Figure 28 iUustrates a method for performing an exhaustive freeway loop 

detector survey. The method generaUy includes the steps of ,a) locating 

freeway loops including functional loop/detector circuits that are powered-down; (b) 

1 4 Express Mail Number: EL 988032019 US 

28420.00 - Inductive Signature Technologies, Inc. At 



For each functioning or tocaonable loop circuit located: (1) Report the precise 
geographic coordinates of the loop-head (latitude, longitude, and altitude) to withm 1- 
meter or better (sutdect to avaUabiUty to civUians of high-precision OPS signals)-, (2) 
Map the approximate dimensions and orientation of each loop-head with respect to the 
current lane markings; (3) Measure the LCR circuit parameters: inductance, 
capacitance, resistance, alpha parameter, omega parameter, Q-Factor, loop- 
head/lead-wire rado; (4) Measure the base operating frequency of the loop detector; 
,5) Measure the frequency variance of the loop detector; (6) Measure the frequency- 
response of the inductive loop detector to a kno»m probe vehicle (and/or wide-band 
active excitation); (7) Measure the signal-to-noise ratio of inductive loop detector; 
,8) Measure the signal-to-noise degradation due to rain as weather permits (requu:es 
separate observations during both fair weather and inclement weather conditrons - 
each observation is billed separately); (9) Measure the actual crosstalk from other 
nearby loop detector circuits; (10) Estimate the accuracy limit of the loop detector for: 
speed, volume, occupancy, and inductive length measurem«rts; (c) For each loop 
detector circuit which does not meet a minimum field performance standard: (1) 
Locate the field cabinet and replace the existing loop detector card with an advarrced 
detector card; |2) Remeasure loop detector performance parameters (a) For each loop 
found to be now in compliance with the minimum field performance standards; the 
new card is left in place, and a detaUed report is provided detailing the before and after 
test results; (b) For each loop found to still not be in compliance with the mimmum 
field performance standard, a detaUed report is provided; (d) For each loop detector 
site containing only one loop per lane, and therefore not reporting speed and 
<«cupancy information: (1) Locate the field cabinet and replace the existmg loop 
detector card with an advanced detector capable of speed determination from smgle- 
loop sensor configurations; (2) Remeasure the loop detector performance parameters; 
(a) For each loop found to be now in compliance with the minimum field performance 
standard (including the continuous reporting of speed and occupancy informaUon to 
a.e traffic controUer), a detailed report wiU be provided; (b) For each loop found to shU 
not be in compliance with the minimum fieW performance standard, a detailed report 
will be provided; (e) All data coUected is maintained online via the Internet w,th 
password access to authorized individuals including; ( 1) Freeway maps of each loop 
measured; (2) Measured loop geometry diagrams with respect to lane markmgs 
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preset at the time .he loop was observed; and (31 Electrical and field performance 

measurements made. 

B. Enhanced Inductive Target 

,00311 An inductive vehicle detector 900 measures changes in the location of 
nearby metal vehicles/ objects 902. It is sometimes desirable to enhance the signal 
measured by the detector 900 without necessarily making sigoilicant changes to the 
size, mass, or physical construction of the object 902 being detected. Figure 9 
mustrates the use of a secondary wire loop 904 to form an enhanced mducuve 
target 906. The enhanced inductive target 906 is carried by the object 902 to be 
detLed by the inductive vehicle detector 900. The secondary wire loop 904 may have 
!"or mo^ turns of wire, ht its simplest embodiment, two terminals 908, 9X0 of the 
secondary wire loop 904 are connected «gether to form an infinite current loop. 
Optionally, the two terminals 908, 910 can be com^ected by a variable resistance 912 
thatis modulated to selectivelyva.ytheenhancementoftheinduc.ive target. One 

example o, an appropriate variable resistance 912 device is a tnmsistor. Those slolled 
in the art wiU recogni^ other means of varying and/or controlling Uie degree of 
enhancement of the enhanced inductive target 906 that fall within the spirit and 
scope of the present invention. For example, the windings of the secondary wne 
loop 904 of the present invention may be wound around a metalhc core. 

[00321 The inductive vehicle detector 900 generally includes a primary wire 
loop 914 with an alternating current flowing therein in communication wrth an 
inductance measurement circuit 916. When ti.e enhanced inductive target 906 .s 
brought near to the primary wire loop 914 of the inductive vehicle detector 900, an 
opposing current is induced into the secondary wire loop 904 through a process of 
mutual induction. The effect of this mutual inductance is detectable by tite 
inductance measurement circuit 916 driving the primary wire loop 914. The 

construction and placement of tite secondary wire loop 904 determines the relati^ 
stiength of the enhanced signal detected by tite inductance measurement curcuit 916. 
In general, increasing the area of the secondary wire loop 904, increasing ti>e wire 
gauge of the secondary wire loop 904, and decreasing the resistance of the wre 
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forming the secondary wire loop 904 all tend to increase the degree of signal 
enhancement attributable to the enhanced inductive target 906 of the present 
invention. The enhanced inductive target 906 operates most efficiently, when onented 
parallel to the primary wire loop 914. Figure 10 illustrates an inductive signature 
measured from an enhanced inductive target 906 using a single turn of wire. 

[0033] One use for an enhanced inductive target 906 is the marking of vehicles 
and pedestrians that are otherwise hard to detect using inductive vehicle detectors 
(eg bicycles, snow plows, pedestrians, etc.). Figures 1 1 and 12 illustrate another use 
of the enhanced inductive target 906 of the present invention, which is m more 
uniquely identifying certain vehicles to a vehicle monitoring system. Generally, one or 
more enhanced inductive targets 906 are attached to the vehicle. Figure 11 shows a 
vehicle 1100 with four enhanced inductive targets 906. The enhanced inductive 
target 906 is placed around the diameter of the wheel rims 1102 or embedded withm 
the tires of a subject vehicle. Those skilled in the art will recognize that the enhanced 
inductive targets can be carried in other locations without departing from the scope 
and spirit of the present invention. Farther, it will be recognized by those skilled m 
the art that more than one enhanced inductive target may be placed within any of the 
wheels and/or tires or at any other location on the vehicle. 

10034] When passing a suitably configured primary wire loop vehicle detector, 
the enhanced inductive targets 906 carried by a subject vehicle are detected. Figure 
12 illustrates one inductive signature 1200 produced by the inductive vehicle detector 
in response to an enhanced inductive target 906 carried on the wheel 1102 of the 
vehicle 1100. For example, a wheel 1102 wrapped with an enhanced inductive target 
906, as shown in Figure 1 1 , produces an inductive signature like the one shown m 
Figure 12 As the wheel 1 102 turns through the magnetic field generated by the 
primary wire-loop vehicle detector, the peaks of the signature are when the enhanced 
inductive target is parallel to the primary wire-loop vehicle detector. These peaks 
show the number of revolutions the wheel 1102 has in this magnetic field. Many 
vehicle characteristics can be determined from this signature using a few known 
parameters. Vehicle speed, acceleration, wheel circumference are a few of the vehicle 
characteristics that can be obtained using an enhanced inductive target on vehicle 
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wheels. 



I003S1 By detecting the enhanced inducdve targets 906 on multiple wheels 
1102 in sequence, the vehicle 1 100 is identified uniquely, or quasi-uniquely as 
desired, identify the ^l^ect vehicle to the traffic-flow monitoring system. When the 
relative strength of the signals from each enhanced inductive target 906 >s varred. for 
e,cample by incasing the area of the enhanced inductive target 906, mcreasmg the 
^e gauge of the secondary wire-loop 904, or decreasing the resistance of the w^e of 
the secondary wire-loop 904, a multi-element identifier is estabUshed for the 
vehicle 1100. In the case of a tractor-trailer, an unique 18-element idenffler is 
assigned to the vehicle unit. Such identifiers are desirable for commercial vehicle 
tracking, credentialing, pre-pass type systems, security, toU-tagging. etc. Ftgure 13 
illustrates one embodiment of a method for obtaining such identifiers. 

,00361 A still further use for the enhanced inductive tai^et 906 of the present 
invention is to indirecdy measure tir. inflation. When mounted on a wheel rim. the 
enhanced inductive target 906 produces a hi^er ampUtude signal when the tire goes 
slack due to under inflation. Alternatively, underinflation is measured by noting 
differences in toe circumference in the tire. Cteumferential differ«.ces are observed 
by looking at the separation between reference points in the signature of tiie enhanced 
inductive target 906 carried by tiie wheel 1102. Detecting under inflated tires .s 
known to have value for enhancing safety, efiiciency, and for preventing congestion- 
causing traffic incidents. 

C. Sp«d D.t«mii«Uon ftom Single-Loop Sensor ConflguraUon. 

100371 In Uie prior-art, two wire-loops deployed in what is commonly referred to 
as the speed-tiap configuration are typically used to determine vehicle speed with 
nia^mum reUabiUty. The speed-trap configuration typically consists of an upstieam 
loop sensor and a downstream loop sensor, which are deployed in the same traffic 
lane togetoer with a two-channel inductive loop detector card in communication with 
a field controUer. Generally, the speed-trap configuration produces two bivalent 
output signals, one bivalent output signal for each wire-loop in Uie speed-tirap. The 
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^pecave bivalent outputs generated by the two-channel inducUve 
are san^pled by the field controUer (e.g., 170, 2070, or NEMA .ontroUer * «s 
speed aid lane occupancy baaed on the pulse tiding o, the bivalent outputs fro^*e 
L detector channels. However, when mere is only one loop sensor m a lane, only 
one bivalent output pulse front the lane is available to be sampled by the field 
controller; and in this ca«. speed and lane occupancy data can not be denved by the 
field controller. 

[00381 More rec«,tly it has become known in the art that speed may be ir^erred 
L a single wire loop. typicaHy as a .Unction of the slew rates on the nsmg and^ 
falUng edges of an inductive signature. see-Real-Time TrafficMeasurement from 

Sin^e inductive Loop Signatures." by Seri Oh. et al.. W^otio. Resear^ 
^oor, ISO. - m^nsporU^Do^ and*,/o™a«on Tec/mofogy « V9^^^^ 
,2002). However, the single wire-loop speed estimation techm<pes descrtbed *erem 
Tnl appucable using conventional field controUers. which calculate speed from two 

bivalent signals. 

,00391 m one embodiment of the present invention, an inductive loop det^tor 
card i connected to a single wire-loop sensor in a traffic lane. The detectorcard 
produces a first bivalent output based on the actual measurement of a veh^e a the 
Le-loop sensor and synthesi^s a second bivalent output to mimtc the ou^^ 
two wire loop speed trap. The first bivalent output of the induchve vehtde detector 
card corresponds to the presence or absence of a vehicle at the single w^loop 
I Jr Z second bivalent output of the inductive vehicle detector card corresponds 
to the inferred presence or absence of the vehicle at a second « we-loop 
sensor In order to synthesize the second bivalent output, vehicle speed and lane 
Tcultcy are inferred from the inducUve si^ature of the vehicle as measured at the 
" A data processor onboard the detector card estimates the speed usmg an 
algorithm simUar to that described by Oh, et al. 

,0040, One method for calculating the second bivalent output ^^J^' 
H-17 and described as fonows. mrst assume a virtual loop separation, T^ev^al 
loop separation distance d is the lon^tudinal downstream distance from real loop 
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*e virtual loop. Second, apply the sin^e loop speed estimation algonthm and Uke 
*e inductive vehicle signature to produce an estimated vehicle speed 3 based on 
Ice classiacation. Then, divide the distance . by the speed s to ..e d *e dC^ . 
used ti> trigger the bivalent output of the "virtual" loop. The pulse-wdth .„ recorded 
from the real loop to used for the virtual loop on-time, h . 

,00411 Though the virtual wire-loop sensor does not physically exist, it is 

Jle to infer a bivalent output pulse for this virtual wire-loop, as if it did phys.c^y 
Z, ^ the inferred speed and .mown lane occupancy of a detected vehicle over ti.e 
single wire-loop sensor. Commonly used field controllers can readdy mterpreUhe 
Jed and lane occupancy information encoded in the two bivalent oun>ut pulses of 
.^e present invention. The field controllers sample the outputs of the detectors at 
discrete intervals. The intervals affect a.e accuracy of the speed calculations and 
ZZ on-times. Por example, if a field controller samples at 60 samp^s per s«ond, 
Ae quickest bivalent output change is approximately 17 milUseconds Reld 
contluers with faster sampling rates yield more accurate speed ca^ations. 
estimates without loss of resolution are achieved by using dtoc„te mtervals less th^ 
: e.^al to the sampling rate of the controUer. To keep the speed estimates wthm a 
reasonable range, an upper and lower hmit can be set and adjusted based on 
appUcation (e.g. <150MPH. >1MPH). 

D. Enlumcd vehicle IdentliicaUon ReliablHty for Automated E«tor«m«.t 

Applications 

ro042I It U common in automated enforcement appUcations (e.g.. where tiraffic 
Lis are issued based in information provided by automated 
vehicle Ucense plate numbers) for automated citations to be .sued to the w.ong 
person because the camera recording the Ucense plate number of ti.e veh,de .s 
Lggered asynchronously from the vehicle detector that determmes a vrolati n has 
ocLed Figure 18 illustrates a conventional automated toU coUection center 1800 
Xllmal enforcement. On toU-roads where electronic toU-tags are currency 
bL^ used ,e.g.. EZ-Pass). there are typically dedicated tiaffic lanes 1802 equipped 
Hu-tag readers 1S04 in an infraction monitoring zone 1810 for use by vehicles 
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estabUshed toU-tag accounts. When a vehicle uses one of ttiese lanes 1802 
^ftout a vaHd toll-Ug, an automated Ucense-plate reading camera 1808 m a camera 
zone 1812 is triggered downstream to begin the process of issuing an automated 
citation to the vehicle o«ner. In practice however, the downstream license-plat, 
reading camera 1808 sometimes takes a picture of the wrong vehicle, and the 
resulting legal controversy ends up costing the toU-road operator more in legal fees 
and loss of good will titan is desirable. 

100431 Figure 19 illustrates an automated toll coUection center incorporating 
vehicle characteristic moniti.ring in conjunction witi> the automated enforcement 
system, in one embodiment of the present invention, each traffic lane 1802 .s 
equipped wiU> a vehicle identification system 1902, such as an inductive vehrcle 
detector, located in the infraction monitoring zone 1810 that measures a physrcal 
characteristic of each vehicle contemporaneously with ti>e violation-d.t_g event 
,eg red-U^t running, speeding, or toll-tag reader). A second vehicle identification 
syltlm 1904 is located in each tiaffic lane 1802 of the camera 1812 to measure 
a physical characteristic of each vehicle to be photographed is also measured 
contemporaneously. When an automated enforcement mechanism is initiated (e.g., 
taldng a picture of a Ucense-plate for subsecptent issuance of a citation) tite phystcal 
characteristic measured contemporaneouslywiU>ti.eviolation.determiningeven,.s 

compared witi> tite physical characteristic measured contemporaneously wttit the 
ucense-plate reading event to veri^ ti,at ti>e same vehicle determined to be « — 
of some condition is tite same vehicle for which the citation is bemg tssued. When *e 
two vehicles are found to be not tt.e same vehicle, the citation is not issued; when titey 
are found to be tite same vehicle, ti>e evidence corroborating that the citation has been 
properly attributed to Ute violation-producing vehicle becomes part of ti,e record 
Supporting tite vaUdity of the citation. Also, when ti>e two vehicles are found not to be 
Jsame vehicle, a search of phy^cal characteristics measured for oti,er vehtcles m 
the area is made to locate ti.e correct vehicle and to initiate tite issuance of a cttation 
to the correct vehide. the physical characteristic measured is an inductive st^ature 
of the vehicle and/or any combination of a times^P. speed, lengti>, signature profile, 
or acceleration titat serves to narrow down ti>e possible downstieam match for an 
upstream violation-determining event. Figure 20 generally iUust^tes a flow chart of 
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the operating conditions. 

F. T«mc.FU«M«at.HngSyrt.mU.ingI».k.Ah.«iSta.ula«.n 

.0044, Fi^s 22-24 mustrate one e«bodin.en. of a n.e*od for «ow 
[OU^**! 5 , . 1 o^neraUv the location and speed of a 

„onitoringusinglook-ahoadsm.ulauon. ^^^'^ _ ^^j^, measurement 

., ■ J ..™in,rfhv a traffic measurement system. The tramcmc 
„ehrde .s determmedby a «.ff , „ , feed-point vehicle detector, a 

3ystem incudes '^'-J'^^'J''^:^^ ,„eated on the vehicle itself. 

ririCl-I^onofavehiclehecomesltno^ntoatr^contr^^ 

used to mcrease the welfare ot i ^^^^^ 

^„ugh enhanced '^^^^^ ^'-f)^; Joat^ to individual 

^esepredicteddecelerahonand/.^^^ 

motorists, or to all motorists as a group ,,)„h„ .need vehicles, and/or 

i.„..ahead simulation include forced decelerations ^^"^^J , 
te-e-change recommendations. When a freeway is operatmg n^ 
.p.ci.,predicteddecelerationshecome^— 
.ecommendations,when^ed uP«n ^^^^^^^ 

effective peak volume capacity of the roaa ^ „„re effectively evaluate 

vehicle re-identificaUon system, the look-ahead —^2X1^1 of 
the effect of the recommendations made to the motorists and mod* its 
driver behavior accordingly. 

,0045, Uok-ahead simulation is used to project a fixed-point detector 

. ^rtual- location This application is useful for comparmg the 
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3.ead ^u.a.on predicts when a «hiCe ^ ^^^^^^^l ^ 

Anew.— p 

P°^' J^^e it «m take .he vehicle to trave, the distat>ce, 

generated has^ on ^^c^ ^^^^ ^^^^ 

given the speed of .he ~ ^ ^ph, vehicle weight, road 

Characteristics, such as ^'^'^^^^'^ p,^c«ons. In sununary. 

condiUons, antong oth«s '^^J^^'^ „^ ^ for a vehic.e; 

look-ahead simulaUon allows, (a, ,an>p.„etering 
0, .odificaUon of *e l«a.d. or condiUon to a 

"C:— :rangeLes.that.proveslane.h^^^ 

reduces the need for sudden speed changes. 

G. Dynamic A<H«.t»ent. t. Drf«r Behavior Modal. 

current traffic conditions .s sunulated. In one emb ^^^^ 
euss^cation of the vehicle is also detected and ^ 
caUbrated ac^rding to the classification of *e 

--°'Ttr;:r::::— rfLvehiciethatare 

engine power, .ontal area, and desired .i„e hea« -^^^^^^^^^ ^^^^ 
^ugh a plurality of detecdon sites along the — * ^^^^ 

— ^rc:::— — — "-^^^ 

,0047, Whne..epresenti«ventionhasbeen~dbydescrip.onofseveral 
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embodiments and whO. iUustraUv. embedments have be«> de^bed m d«aa. 
L not the fetation of the appUcant to restrict or in any way Unut the scope of *e 

rppended claims to such detail. Additional advantages ^ ^^^^^ 

1^11.^ in the art The invention in its broader aspects is therefore not 
appear to those sWled m^e ^^^e ^^^^^ ^^^^ 

limited to the specific details, represeniauve ft.„„ ,„ch 

espies shown and described. Accordingly, deparmres may be mad from such 
3 s without departingf^n, the spirit or scope of appucantsgeneralinventive 



concept. 
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